Abstract The genetic basis of the large species differences in longevity and aging remains a mystery. Thanks to recent large-scale genome sequencing efforts, the genomes of multiple species have been sequenced and can be used for cross-species comparisons to study species divergence in longevity. By analyzing proteins under accelerated evolution in several mammalian lineages where maximum lifespan increased, we identified genes and processes that are candidate targets of selection when longevity evolves. We identified several proteins with longevity-specific selection patterns, including COL3A1 that has previously been related to aging and proteins related to DNA damage repair and response such as DDB1 and CAPNS1. Moreover, we found that processes such as lipid metabolism and cholesterol catabolism show such patterns of selection and suggest a link between the evolution of lipid metabolism, cholesterol catabolism, and the evolution of longevity. Lastly, we found evidence that the proteasome-ubiquitin system is under selection specific to lineages where longevity increased and suggest that its selection had a role in the evolution of longevity. These results provide evidence that natural selection acts on species when longevity evolves, give insights into adaptive genetic changes associated with the evolution of longevity in mammals, and provide evidence that at least some repair systems are selected for when longevity increases.
Introduction
Although the remarkable variety of lifespans and rates of aging among mammals has been studied for decades, the mechanisms behind species differences in aging remain largely unknown (Finch 1990; Miller 2001; Austad 2005) . One hypothesis is that long-lived species evolve better mechanisms to cope with different forms of molecular damage, including better repair mechanisms (Kirkwood and Austad 2000; Miller 2001 ). This view is supported by correlations between DNA repair and mammalian lifespan (Hart and Setlow 1974) and by evidence that cells from long-lived species are more resistant to some forms of stress (Harper et al. 2007 ).
( Pérez et al. 2009 ), the longest living rodent known, and another on two long-lived bats ), suggest that an optimization of protein oxidation and turnover mechanisms may have been responsible for their exceptional longevity when compared to closely related species.
Evolutionary theory predicts that under low hazard conditions selection favors genes that confer a slow life history and specifically genes and pathways conferring longevity (Kirkwood and Austad 2000; . It has been argued that apolipoprotein E (APOE), involved in age-related diseases and associated with human longevity, is a meatadaptive protein that contributed to the evolution of human lifespan (Finch and Stanford 2004) . Nonetheless, the genetic basis for the evolution of longevity remains a major open question in spite of its widespread interest (Miller 2001) .
Thanks to recent large-scale genome sequencing efforts, the genomes of multiple species have been sequenced and can be used for cross-species comparisons. This provides researchers the opportunity of performing genome-wide comparative studies across a large number of species to identify genes and processes associated with the evolution of longevity (Austad 2005; Jobson et al. 2010 ). For example, some studies have employed mitochondrial genomic sequences from multiple species to associate features of mitochondrial proteins with longevity, such as methionine composition (Aledo et al. 2011) . With the growing number of sequenced genomes, however, these studies have only scratched the surface. In fact, the studies published to date on large-scale analyses of genes involved in the evolution of longevity did not find evidence for selection in repair systems when longevity increases Jobson et al. 2010) .
To identify candidate genes and processes underlying the evolution of longevity in mammals, we analyzed protein sequence evolution in multiple lineages with varying lifespans. More precisely, our approach involved 36 mammalian species and is based on detecting proteins with accelerated evolution in multiple lineages where longevity increased. Phylogenetic analysis and fossil evidence suggest that longevity generally increased during mammalian evolution, evolving particularly fast in the lineage leading to humans (Cutler 1979; de Magalhães and Toussaint 2002) . Genetic alterations contributing to the evolution of longevity in mammals may have therefore common patterns-or "signatures"-that are detectable using cross-species genome comparisons. Indeed, we found evidence of such signatures and our results reveal genes and functional groups that are candidate targets of selection when longevity evolves. These include DNA repair genes and the ubiquitin pathway and thus provide evidence that at least some repair systems were selected for, and arguably optimized, in long-lived species.
Materials and methods

Data retrieval and ancestral sequence prediction
Maximum lifespan was estimated from longevity records obtained from the AnAge database (de Magalhães and Costa 2009). Pairs of nine closely related species for which their maximal lifespans are significantly different were constructed as well as seven control pairs consisting of two species with similar maximal lifespans (Table 1) . Since most of the species pairs represent species which have diverged during the Mesozoic era, our analysis represents the evolution of longevity over a long period of time and during the early mammalian radiation. Moreover, because the human and chimpanzee genomes are so closely related and our focus was on well conserved proteins, using humans and chimpanzees as one pair would be virtually useless in our method and therefore a human and orangutan pair was employed. These pairs of species were employed to find candidate genes and functional groups under higher selective pressure in phylogenetic branches where maximal lifespan increased (called MLI branches) compared to branches where maximal lifespan did not increase (MLS branches).
Ortholog mappings of proteins of 36 mammalian species to Homo sapiens were obtained from ENSEMBL (http://www.ensembl.org/) resulting in 15,350 proteins with at least one 1:1 ortholog (paralogs were excluded from our approach). Using these mappings and protein multiple sequence alignments along with a reference phylogenetic tree, ancestral protein sequences for the 15,350 proteins were predicted using Gapped Ancestral Sequence Prediction (Edwards and Shields 2004) for each node of the phylogenetic tree. Since any phylogenetic approach aiming to detect selection is highly sensitive to wrongly annotated splice variants or spurious alignments, protein orthologs with more than 10 substitutions out of a sliding window of 20 residues were removed. After this scan, 15,312 proteins had at least one other ortholog. Aging-related proteins based on findings from model organisms were obtained from the GenAge database of de Magalhães et al. (2009a) .
Scoring evolutionary selection
Because under low hazard conditions genes conferring longevity are expected to be under selection , proteins involved in the evolution of longevity are expected to undergo more changes in MLI branches than in MLS branches, and our algorithm was specifically devised to detect such proteins. For each of the 15,312 proteins, substitution scores based on the predicted ancestral protein sequence and on the physiochemical properties of the residue substitutions (Grantham 1974) were computed (see Supplementary material) in each branch as a proxy for selective pressure akin to Zhang et al. (2002) , where the number of residue substitutions was used as a measure for evolutionary pressure. It should be noted here that the use of similar matrices, such as the BLOSUM matrix, did not alter the results obtained. For each protein and branch, the expected value of the number of residue substitutions was computed according to the empirical distribution of the residue substitutions in the branch in all proteins by comparing predicted ancestral protein sequences at each node of the phylogenetic tree. This expected value was used to normalize the protein score for each branch in order to minimize the effects of different branch lengths, amino acid compositions, and protein lengths across different lineages. Although our normalization strategy is simplistic, it is able to capture differences in generation time, rate of mutation, biases in amino acid substitutions, and biases in protein lengths, unlike Zhang et al. (2002) who used divergence time as proxy for rates of evolution. Our normalization strategy does not take into consideration the variation of substitution rate across amino acid sites, and multiple substitution events, but our focus was on well-conserved proteins which obviate the need for a more complex model. Although the expected value is an under-estimate of the true number of substitutions due to the possibility of multiple substitutions at a single residue site, this effect is minimal as the lineages used in our study are short and the proteins are chosen to be well conserved. After all scores have been normalized, for each of the pairs of species with divergent lifespan (for which an ortholog exists in both branches) and each of the control pairs, an approximate selection score was calculated to measure the relative selective pressure in one lineage versus the other by the binomial score:
Where score MLI is the substitution score for the protein in the MLI branch in the pair, score MLS is the substitution score for the same orthologous protein in the MLS branch of the pair, and c is a pseudo-count (c03 in this study) so that s is stable for conserved proteins. The parameters are then truncated for the binomial test. For the control pairs where both branches (A and B) are MLS branches, only the smallest selection score is kept:
An assumption of our method is that selection for longevity only occurs in branches where longevity increased. The evolutionary theory of aging predicts that aging per se and the evolution of short lifespans are not under direct selection, while in species under low hazard conditions, selection will favor genes that confer longevity . Moreover, longevity is expected to have increased in most mammalian species (Cutler 1979; de Magalhães and Toussaint 2002) . Therefore, for a given pair of species with divergent lifespans, it is likely that longevity evolution contributed and was even the most prevalent force in the observed longevity differences. It is possible that for some species pairs used in this work, in particular pairs less closely related, that longevity decreased in the MLS branch, but while this may increase the noise of that particular branch, it will not introduce any systematic bias since protein alterations from species with the smaller MLSP are not incorporated into the results.
Detecting longevity-specific selectivity in proteins The fact that different proteins are under different evolutionary pressure and have different lengths was taken into consideration by considering three thresholds for significance (t00.05 (stringent), 0.1 (moderate), 0.2 (relaxed)). To understand the advantage of having three different selection score thresholds, consider a well-conserved protein with a weak signature of selectivity specific to MLI branches. Under the stringent selectivity criteria, this protein will show no signature of selectivity in any branch at all, but under the relaxed selectivity criteria, it will obtain a high longevity-specific selectivity (LSS) score. Conversely, consider a protein that exhibits a signature of selectivity in many different branches but much stronger in MLI branches. The variability of the strength of selective pressure is big and so many branches will be considered to be under selection with respect to a relaxed selectivity criteria, hence yielding a low score because of the lack of specificity to MLI branches. Therefore, employing different selectivity criteria allows coverage of proteins with varying molecular evolution rates and lengths.
To assess whether a particular protein is associated with increased longevity, the number of pairs, N MLI , where the proteins has a selection score such that s<t is recorded. The number of pairs, N MLS , such that 1-s<t is also recorded as well as the number of control pairs, N control , such that s control <t. With these numbers, a normalized "longevity-specific selectivity" score for each protein can be computed as follows:
Where N divpair is the number of pairs with divergent lifespans for which a protein ortholog exists in both branches, and N contpair is the number of control pairs for which a protein ortholog exists in both branches. Therefore N MLI /N divpair is the percentage of MLI branches in which the protein is selected and
is the percentage of MLS branches in which the protein is selected. It can be seen that 0 N MLI =N divpair 1 and 0
N divpair also holds with equality when either (1) the protein is selected in all MLI branches and no MLS branch or (2) the protein is selected in all MLS branches in pairs with divergent lifespans and in one branch in all control pairs. Moreover, assuming a trivial threshold of t 01, both
would be 1 and LSS' would equal 0. In this study, only proteins that have a selection specificity towards MLI branches are of interest so LSS0max(0,LSS') was used as the "longevity-specific selectivity" score. It follows that any protein with negative LSS' has a LSS of 0, i.e., no longevity-specific selectivity. Thus, the LSS score measures the specificity of the selection in MLI branches.
Although there is no minimum number of pairs for a protein to be considered, the lower the number of experimental pairs there is, the lower the potential LSS score is.
Detecting longevity-specific selectivity in functional categories
After computing the "longevity-specific selectivity" scores for all proteins, Gene Ontology (GO) annotations (Ashburner et al. 2000) were obtained in order to score each GO category by adding the LSS score of each protein within the category. To compute the significance of each GO category, the empirical distribution of the LSS scores was obtained, the proteins scores were shuffled, and the scores for the GO categories were recomputed 2,000 times. The p value for each category was computed as the number of times the simulation yielded a score for a GO category that is larger than its actual score divided by 2,000. To compare the number of significant GO categories detected in real data compared to simulated data, the proteins' LSS scores were shuffled 2,000 times, generating 2,000 simulated datasets. Because the high score of one protein could largely influence the p value of a small GO category, only categories with at least three proteins showing specificity of selection towards MLI branches were included. After removing all GO categories with less than three proteins (out of the 15,312), the number of significant GO categories at thresholds 0.05, 0.01, 0.005, and 0.001 was computed for each simulated datasets to be averaged and compared with the number of significant GO categories from real data at the same thresholds (see Supplementary material for simulation results). To see whether our approach was biased towards some unwanted protein properties, the distribution of protein lengths was analyzed and no correlation with score was found. Furthermore, among the top proteins in each category, none of them had an obvious splice variant that could cause a bias. Many similar phylogenetic approaches using ortholog mappings are highly sensitive to proteins with misannotated orthologs, thus an aggressive weeding strategy to remove protein sequences that are putative splice variants was used. Moreover, although phylogenetic approaches need to take into consideration the phylogenetic dependence within the species considered, our method is unaffected by this dependence as we defined disjoint longevity divergent species pairs with no common evolutionary branch. To further test our approach, it was important to verify that the selected parameters did not drastically influence the results. Using a different scoring matrix yielded similar results, and no significant differences were observed within the proteins and GO categories reported when using different thresholds for selectivity.
Results
Detecting longevity-specific selection in proteins
Under low hazard conditions, selection will favor gene changes that confer longevity. Therefore, proteins involved in the evolution of longevity are expected to be under selection in lineages where longevity evolved (Kirkwood and Austad 2000; . Moreover, we expect these proteins to be under stronger selective pressure in lineages where longevity increased (maximum lifespan increased; MLI branches) compared to lineages where longevity remained the same (maximum lifespan same; MLS branches). Proteins conferring longevity will undergo rapid evolution when longevity evolves and therefore undergo more changes in MLI branches than expected by chance. Thus, our approach aims to identify proteins under accelerated evolution in several mammalian lineages where maximum lifespan increased, in effect detecting proteins with a pattern of selectivity specific to MLI branches.
We constructed ortholog mappings of 15,350 proteins from 36 mammalian species and predicted ancestral protein sequences in accordance to the mammalian phylogenetic tree. We then computed an evolutionary pressure score for all proteins in all branches of the phylogenetic tree based on the number and type of amino acid substitutions in each branch (see "Materials and methods"). In effect, these evolutionary pressure scores measure the strength of the selective pressure on a protein in each lineage, taking into account the genome-wide average. This is similar to the method of Zhang et al. (2002) to infer selection pressure from the number of residue substitutions. We then defined nine experimental pairs of longevity divergent species plus seven control pairs of species with similar longevity (Table 1 ). The experimental pairs each correspond to species resulting from one MLI lineage (i.e., the longest lived lineage in the pair) and one MLS lineage stemming from a common ancestor and the control pairs to species resulting from two MLS lineages also stemming from a common ancestor.
In order to determine whether a protein in one lineage is under stronger selective pressure than in another, we compared the evolutionary pressure scores computed for the protein in both lineages using a binomial test to obtain an accelerated evolution score (see "Materials and methods"). This accelerated evolution score represents the extent of evolution acceleration of a protein in one lineage compared to another. Since both poorly and well-conserved proteins may be responsible for species divergence in aging, we defined three different accelerated evolution score thresholds to account for varying selective pressures. In other words, the different thresholds, 0.05, 0.1, and 0.2, reflect different levels of evolutionary pressure and hence molecular evolution rates on proteins. Proteins undergoing higher evolutionary pressure tend to have more species pairs satisfying the 0.05 threshold as their evolutionary pressure scores tend to fluctuate, whereas proteins that are well conserved tend to have low evolutionary pressure scores which are less likely to fluctuate between lineages.
We gave each protein three (one for each different threshold) "longevity-specific selectivity" scores (LSS) computed according to the number of experimental pairs where the protein was under stronger selective pressure in MLI branches, the number of both experimental and control pairs where the protein was under stronger selective pressure in MLS branches, and the total number of divergent lifespan species and control pairs considered (see "Materials and methods"). As such, the LSS score encapsulates how specific the selection of the protein is to lineages where maximal lifespan increased (MLI branches).
The proteins were then sorted according to their scores for each of the three levels of selective pressure (i.e., 0.05, 0.1, and 0.2). For this ranking of specificity towards MLI branches, no statistical significance test was performed as a random model for protein residue evolution at a genome-wide level, taking into consideration multiple species pairs, was not applicable. Instead, we focused on the top 153 proteins, which correspond to the top 1% of all proteins analyzed, as candidate proteins related to species difference in aging with regard to the three selectivity criteria.
Proteins with longevity-specific selectivity After computing the LSS score for each of the 15,312 proteins in the three selectivity categories, we found that proteins generally obtained a low score, often scoring zero. When applying the relaxed selectivity threshold, only 598 proteins scored 2 or more and a mere 31 scored 4 or more; the highest score of 6.0 was attained by only one protein, FAM126B, an unstudied protein. Other high scoring proteins included COL3A1, scoring 5.29 (rank 4), TAOK3, scoring 5.0 (rank 7), and DDB1, scoring 4.83 (rank 9; see Fig. 1 ). Likewise, 339 proteins had a score of 2.0 or more and six with a score of 4.0 or more with CPNE5, NUP85, and RSAD2 sharing the top score of 5.0. Lastly, when applying the stringent selectivity threshold, 166 proteins had a score of 2.0 or more. The highest score was obtained by IWS1 (Protein IWS1 homolog) scoring the highest with 4.33, followed by HERC4 which shares the score of 4.0 with seven other proteins. Though some overlap between the thresholds was observed, nine proteins were ranked highly (top 20) in two categories and only one protein, FAM126B, is highly ranked in all three. The scoring is a rank-order of all proteins and thus these highly ranked proteins represent the most promising candidates for selection in longlived species. Full results are available as Supplementary material and online (http://genomics.senescence.info/ evolution/mammalian_longevity.html).
As in other similar studies (de Magalhães and Church 2007; Jobson et al. 2010) , proteins known to be related to aging in model systems, derived from the GenAge database, were not overrepresented in our results. Among our top hits, NUP85 is a homolog of npp-2 while ATP7A (in the top 1% hits in all threshold criteria) is a homolog of cua-1. Both npp-2 and cua-1 have been associated with longevity in Caenorhabditis elegans (Samuelson et al. 2007 ). POLB, involved in DNA maintenance, replication, and recombination, was among the top 1% hits at the 0.2 threshold but with a modest score of 3.3. Interestingly, three proteins among our hits were also recently reported to be under positive selection in the long-lived naked mole rat: COL3A1, PRKD2, and GSTO1 (Kim et al. 2011) . Fig. 1 DDB1 under 
Detecting longevity-specific selection in functional categories
To identify processes and functional categories exhibiting evidence of selection specific to MLI branches, we employed GO annotations (Ashburner et al. 2000) . Briefly, we gave every GO category an LSS score consisting of the sum of the LSS scores of the proteins belonging to the category. Using simulations (see "Materials and methods"), we obtained a score enrichment p value for each GO category testing against a random model. Again, for each GO category, we obtained three enrichment p values, one for each level of selective pressure.
We sorted all categories according to the geometric mean of the p values for the three thresholds of selectivity. Out of the 15,551 GO categories considered, 4,180, 4,396, and 4,443 categories had a non-zero score with respect to stringent, moderate, and relaxed selectivity pressure criteria, respectively, and 3,267 categories had non-zero scores with respect to all three criteria. We obtained around 150 GO categories with significant p value with respect to at least one selectivity criteria. This rank-order represents less than 1% of all functional groups and many of the categories are closely related to one another (see Supplementary material for full results).
By shuffling the LSS scores of the proteins, the average number of significant GO categories from a random model was compared to the actual number of significant GO categories. We found that the number of GO categories in real data was consistently higher compared to the ones of simulated data from a random model with respect to all selectivity thresholds (~20% more at 0.05 significance,~50% at 0.01, and~100% at 0.005 significance; see Supplementary material). Though our simulated data show significant levels of false positives, we found that, out of the top 150 GO categories with respect to each selectivity criteria, 33 categories are in the top 150 with respect to all criteria, and 76 with respect to two. Many of the top categories are related to each other without necessarily sharing proteins with high LSS score. In view of these results, we focused on categories that are found among different selectivity criteria, for which we find different related categories among our top-ranked categories and/or categories with p<0.005.
The major functional class within the highly ranked GO terms encompassed proteins involved in muscle development along with brain development (Table 2) , which showed the most significant enrichment in high LSS scores when using threshold for moderate and strong evolutionary pressures. Other GO categories related to muscle and brain development were also among our top 150 hits; besides, another GO category related to development was spermatid development which was enriched in LSS scores with respect to the three thresholds (see Supplementary material). These categories could be related to life history traits that coevolve with longevity.
Furthermore, a close inspection of the highly ranked GO terms revealed several categories that may be associated with longevity evolution (Table 3 ). In particular, proteins involved in lipid process were among the statistically significant categories along with cholesterol catabolic process which only show significance at a high selectivity threshold. Another class of proteins comprises four functional categories involved in the proteasome-ubiquitin system which are: protein ubiquitination during ubiquitin-dependent protein catabolic process, proteasomal ubiquitindependent protein catabolic process, ATP-dependent peptidase activity, and lysosome organization. Interestingly, the proteins with positive LSS scores detected in these categories were non-overlapping, suggesting that these results are due to selection on these functions rather than some bias due to one or a few proteins. We also detected other GO categories with high LSS but with few highly ranked related categories. As such, they are more likely to be false positives. Both actin-binding and actin cytoskeleton proteins were ranked highly with regards to all selectivity criteria. In addition, we found that 1-phosphatidylinositol-3-kinase activity, phosphoinositide 3-kinase complex, response to food, and circadian rhythm were all highly ranked with respect to at least one selectivity criteria.
Discussion
Proteins related to longevity in model organisms appear to be well conserved and might even tend to be better conserved than expected by chance, suggesting that the genetic mechanisms for longevity regulation within species are not the same that determine species differences in longevity . Therefore, our method is conceptually different than previous comparative genomic methods employed to study the evolution of longevity which primarily focused on known aging-related genes and pathways Jobson et al. 2010) . Instead, our genome-wide analysis was unbiased, and we wanted to detect selection in proteins with different evolutionary rates but having specificity towards phylogenetic branches where maximal longevity significantly increased. Our LSS score thus measures both the number of MLI branches under selective pressure and its specificity. Although long-lived species may have different substitution rates due to population effects or generation times, we normalize the protein substitution scores by the genome-wide average for each branch and # prot number of proteins with LSS score bigger than 0, Exp. expected sum of LSS scores, Act. actual sum of LSS scores Phospholipid metabolic process 0.026 11 4.5 9.6 0.026 9 5.3 11.1 0.002 12 5.9 17.5
Fatty acid beta-oxidation 0.004 6 3.7 10.0 0.006 9 4.3 11.8 0. hence control for the phylogenetic distance. Therefore, our method detects outliers with substitution scores in MLI branches much higher than average, and such proteins can thus be seen as candidates for playing a role in longevity evolution. Because some proteins tend to be under higher selective pressures, and thus evolve faster, than others, we employed three different thresholds (stringent, moderate, and relaxed). Employing these different thresholds allowed us to detect proteins with longevity-associated signatures that evolved at different paces. Based on the LSS scores of proteins belonging to GO categories, we also obtained LSS scores for processes and functions. Interestingly, the shuffling of real data shows that we obtained more functional categories with high LSS scores than expected by chance alone, which as far as we know is the first evidence that natural selection acts on species when longevity evolves.
There are different reasons why some proteins may undergo accelerated evolution in MLI lineages. Our assumption is that an increased number of substitutions in MLI branches indicates that a given protein is under selection for longevity. One caveat, however, is that changes in mutation rates, relaxed purifying selection, and positive selection could lead to accelerate evolution of proteins (Zhang et al. 2002) . Although we cannot exclude these alternative explanations, given the patterns detected in our work when compared to a random model and the functions detected from the GO analyses, we think our results are better explained by genetic changes driven by selection. One related issue, however, is whether selection is acting on longevity or on another correlated life history trait. In our analysis, we found many proteins involved in development and growth resulting in functional categories such as muscle development, postsynaptic density, and spermatid development. These results, among others (see Supplementary material for full results), could be interpreted as proteins that were selected for phenotypes that correlate longevity, such as body size or brain size Austad 2009; Ricklefs 2010) . Therefore, some of our results may be due to selection on other life history traits apart from longevity. For example, one of our top proteins was IWS1 (rank 1; stringent) which, as far as we know, has not been studied in mammals. A recent study in Arabidopsis, however, shows that IWS1 is involved in plant steroid hormone and a loss of function mutations in AtIWS1 leads to overall dwarfism (Li et al. 2010 ) and thus may have been detected in our work due to a putative role in the evolution of body size. Nonetheless, as detailed below, the protective nature of some of the categories identified leads us to hypothesize that some of these selection patterns are due to selection for longevity.
Candidate proteins related to longevity evolution Though it is doubtful that changes in the same protein are responsible for the evolution of longevity in all mammalian lineages, proteins with accelerated evolution in lineages where longevity increased are candidates for being involved in species divergence in aging. The rank-order of the LSS scores provides us with the proteins having the most number of pairs where selective pressure occurred in MLI branches while having a small number of pairs where selective pressure occurred in lineages where longevity stayed the same. Thus, highly ranked proteins represent candidate targets of selection due to the evolution of longevity.
Candidate proteins from the high stringency threshold include HERC4, a probable E3 ubiquitin-protein ligase by sequence similarity (Wu et al. 2006) , and NUP85, a component of the nuclear pore complex thought to play a role in phosphatidyl-inositol-3-kinase-dependent pathways (Terashima et al. 2005) . CAPNS1, scoring 4.0 (rank 7; moderate), belongs to a well-conserved family of calcium-dependent, cysteine proteases whose link to cellular senescence and DNA damage response has been studied (Demarchi and Schneider 2007) . COL3A1 (rank 4; relaxed) is a collagen-type protein whose expression is downregulated with age across tissues (de Magalhães et al. 2009b ) and has also been reported to be under positive selection in the long-lived naked mole rat (Kim et al. 2011) , making it a top candidate for selection in longlived lineages. Also, TAOK3 (rank 7; relaxed) is a serine/threonine-protein kinase whose overexpression may activate ERK1/ERK2 and JNK/SAPK (Zhang et al. 2000) . Furthermore, TAOK3 is thought to be phosphorylated upon DNA damage possibly by ATM or ATR (Matsuoka et al. 2007) . And finally, the damagespecific DNA binding protein DDB1 (rank 11; relaxed) is a well-studied protein and is a subunit of the DDB1-CUL4-X (DCX) box which can form many different complexes that are involved in different DNA damage response pathways.
Other examples of high scoring proteins comprise PIK3C2A, scoring 3.0 (rank 26; stringent) and SMC1A, scoring 2.77 (rank 74; stringent). PIK3C2A is a protein belonging to the PI3/PI4-kinase family and is believed to play a role in the EGF signaling pathway (Arcaro et al. 2000) . Moreover, Didichenko et al. (2003) showed that H. sapiens PIK3C2A is phosphorylated upon exposure of cells to UV irradiation and is also a target of stress-induced phosphorylation during the G2/M transition of cell cycle by the JNK/SAPK pathway. These authors further found that the phosphorylation seems to lead to the proteasome-dependent degradation of PIK3C2A (Didichenko et al. 2003) . SMC1A is a protein involved in chromosome cohesion during cell division as well as in DNA repair. More precisely, SMC1A is related to the cohesion between sister chromatids during DNA replication and, at least in yeast, the cohesin complex also has functions in DNA repair and is essential for efficient double-strand break repair in mitotic cells (Sjögren and Nasmyth 2001) .
Candidate pathways related to longevity evolution: lipid metabolism, DNA repair, and the proteasome-ubiquitin system It would be surprising if the evolution of longevity in all mammalian lineages could be explained by adaptive changes to the same few proteins. A more intuitive explanation of the evolution of longevity is due to selection of proteins in common pathways and biological processes, and thus, our analysis of GO categories provides novel clues about the processes involved in species differences in aging. Interestingly, we found functional categories showing specificity of selection in MLI branches which have been previously associated to aging such as actin cytoskeleton (Gourlay and Ayscough 2005) , 1-phosphatidylinositol-3-kinase activity, phosphoinositide 3-kinase complex, response to food, and circadian rhythm (Wyse et al. 2010) . Moreover, many of our highly ranked functional categories may have been selected for due to their contribution to the evolution of longevity.
Our finding of phospholipid metabolic process proteins corroborates previous results suggesting a role of lipid metabolism in species differences in longevity (Hulbert 2008; Jobson et al. 2010) . It has been reported that membrane fatty acid composition is correlated with the maximal lifespans of mammals through the reduction of oxidative damage caused by products of lipooxidation (Hulbert 2008) . Proteins belonging to the lipid biosynthetic process were also identified in our analysis which have previously been linked to the peroxidative damage via increased saturation and to the control of mitochondrial ROS production by reducing membrane potential and increasing the efficiency of ETC uncoupling (Kua 2006; Jobson et al. 2010) . Moreover, cholesterol catabolic process-related proteins were also identified, and these findings fit studies of the protein APOE well, even though APOE did not show longevity-specific selectivity in our study. The identification of cholesterol catabolic process in our analysis and the evolutionary pressure detected on proteins involved in lipid metabolic process lead us to believe that lipid metabolism and cholesterol catabolism may have been important in the evolution of mammalian longevity.
Many high ranked proteins at different levels of selection are involved in cellular responses to damage. With respect to the stringent selectivity criteria, PIK3C2A (rank 26) and SMC1A (rank 74) are two proteins thought to be sensitive to external stress or DNA damage. In the moderate selectivity criteria category, CAPNS1 (rank 7) has been connected to DNA damage response, and in the relaxed selectivity criteria category, we have TOAK3 (rank 7) and DDB1 (rank 9; Fig. 1 ) which have been shown to respond to DNA damage. DDB1 in particular is involved in many distinct DNA response and DNA repair pathways. For example, DDB1 binds to SKP2 and plays a role in the ubiquitination of CDKN1B, a cyclin-dependent kinase inhibitor (Nishitani et al. 2006 ) and may recruit nucleotide excision repair proteins in order to repair DNA damage (Li et al. 2006) . Deficiency in DDB1 is associated with xeroderma pigmentosum (Kapetanaki et al. 2006) . Mutational inactivation of DDB1 is also associated with Cockayne syndrome (Groisman et al. 2003) which is characterized by premature and accelerated aging in addition to neurodegeneration (Weidenheim et al. 2009 ). In this context, it is interesting to note that differences in expression in DDB2 between rodents and primates have been reported to play a role in protection against DNA damage and carcinogenesis (Alekseev et al. 2005) . Although DNA repair was not among our top GO categories, we speculate that the evolutionary pressure on a few specific proteins involved in DNA repair or DNA damage response could be an optimization leading to a better regulation of damage, cell cycle, and genome stability and hence to a longer lifespan, in line with results suggesting higher DNA repair in longer-lived mammals (Hart and Setlow 1974; Freitas and de Magalhães 2011) .
We found that proteins involved in the proteasomeubiquitin system have high LSS scores. More precisely, we found four highly ranked GO categories related to the proteasome-ubiquitin system which are protein ubiquitination during ubiquitin-dependent protein catabolic process, proteasomal ubiquitin-dependent protein catabolic process, ATP-dependent peptidase activity, and lysosome organization. Interestingly, these GO categories do not share a single protein that contributed to their score which provides strong evidence that the system was the target of evolutionary pressure in lineages where longevity increased. The proteasome has been extensively linked to aging. Interestingly, Pérez et al. found that, compared to mice, naked mole rats show resistance to protein unfolding and attenuated accumulation of ubiquitinated proteins and a sustained proteasomal function during aging (Pérez et al. 2009 ), suggesting that these mechanistic differences may contribute to species divergence in aging and that the maintenance of protein stability is of great importance to successful aging. Proteasome activity was also shown to participate in DNA repair at different levels (Brégégère et al. 2006) . In sum, the ubiquitination process and the proteasome complex are active components of cellular response to stress and damage, and their evolutionary selection might have contributed to a lifespan increase in mammals.
Overall, our analysis identified several proteins involved in damage response and repair pathways that are highly specific in their accelerated evolution to lineages where longevity evolved. Taken together, these results suggest that our approach was able to detect proteins that are connected to species differences in aging. Moreover, these findings support the view that the evolution of longevity requires optimization of repair pathways, one of the tenants of the evolutionary theory of aging (Kirkwood and Austad 2000) .
Concluding remarks
In this work, we present a novel approach to study the evolution of lifespans in mammalian species by looking for selection specificity in lineages where longevity is thought to have considerably increased. We identify several candidate proteins, including COL3A1, DDB1, and CAPNS1, that are candidates for further studies. Among the significant genes and categories, some may be related to selection on life history traits that co-evolve with longevity while others may be related to the evolution of longevity, including proteins involved in DNA damage response and repair. Better protein degradation and turnover mechanisms via the optimization of proteins involved in the proteasome-ubiquitin system might also have contributed to the evolution of longevity. To our knowledge, the identification of these categories is the first evidence of selection associated with the evolution of longevity detected on a whole-genome level. As more genomes are sequenced, analyses employing this and similar approaches will become more powerful and our work is only one more step into unraveling the adaptive genetic changes involved in the evolution of long lifespans.
